Stress is everywhere. It is an intimate part of modern life. But what is stress? How does the brain process the feeling as a "stress system"? What chemicals in our brains mediate the stress response, and, most important, can we control it? Moreover, what conveys individual differences in stress responsivity that leave some of us vulnerable to stress disorders and others resilient? When does stress go rogue and produce psychopathology? And why do I think of it as the "dark side" of reward pathways in the brain?

My hypotheses are that individual differences in stress vulnerability and resilience are key determinants of the development of posttraumatic stress disorder (PTSD) and addiction, and these differences derive from the neurocircuitry of our emotional dark side. I'll take you through this neurocircuitry to explain what I mean.

What is Stress?
===============

Stress can be classically defined as "the nonspecific (common) result of any demand upon the body"[@b1-cer-04-15] or, from a more psychological perspective, "anything which causes an alteration of psychological homeostatic processes."[@b2-cer-04-15] Historically, the physiological response that is most associated with a state of stress is an elevation of chemicals called glucocorticoids that help control inflammation. Glucocorticoids are derived from the adrenal cortex, a gland situated above the kidneys, and glucocorticoid elevations were thought to be controlled by the brain's hypothalamus, a region that is associated with emotion. Maintaining psychological homeostasis, therefore, involves responses among the nervous, endocrine, and immune systems. This nexus is referred to as the hypothalamic-pituitary-adrenal axis (HPA).

Efforts to identify processes involved in disrupting psychological homeostasis began while I was a staff scientist at the Arthur Vining Davis Center for Behavioral Neurobiology at the Salk Institute in California. My colleagues Wylie Vale, Catherine Rivier, Jean Rivier, and Joachim Spiess first demonstrated that a peptide called corticotropin-releasing factor (CRF) initiates the HPA axis's neuroendocrine stress response. Research showed that CRF emanated from a part of the hypothalamus called the paraventricular nucleus, which is the primary controller of the hypothalamic-pituitary-adrenal axis. When the hypothalamus releases CRF, it travels through blood vessels to the pituitary gland, located at the base of the brain. There, CRF binds to receptors located in the anterior part of this gland to release adrenocorticotropic hormone (ACTH) into the blood stream.[@b3-cer-04-15]

ACTH in turn travels to the cortex of the adrenal gland to release glucocorticoids. Glucocorticoids, in turn, synthesize glucose to increase energy used by the brain, and glucocorticoids also decrease immune function by blocking "proinflammatory" proteins that ordinarily produce inflammation. Together these responses facilitate the body's mobilization in response to acute stressors. Indeed, acute and chronic glucocorticoid responses differentially affect brain function, with acute high-dose glucocortoids imparting a protective effect.[@b4-cer-04-15]

Fight or Flight?
================

When faced with stressors, what determines whether we fight or flee? The human brain's "extended amygdala" processes fear, threats, and anxiety (which cause fight or flight responses in animals)[@b5-cer-04-15],[@b6-cer-04-15] and encodes negative emotional states. Located in the lower area of the brain called the basal forebrain, the extended amygdala is composed of several parts, including the amygdala and nucleus accumbens.[@b7-cer-04-15] This system receives signals from parts of the brain that are involved in emotion, including the hypothalamus and, most important for this examination, the prefrontal cortex. Extended amygdala neurons send axons or connections heavily to the hypothalamus and other midbrain structures that are involved in the expression of emotional responses.[@b7-cer-04-15],[@b8-cer-04-15]

In psychopathology, dysregulation of the extended amygdala has been considered important in disorders related to stress and negative emotional states. These disorders include PTSD, general anxiety disorder, phobias, affective disorders, and addiction.[@b9-cer-04-15],[@b10-cer-04-15] For example, animals exposed to a stressor will show an enhanced freezing response to a conditioned fear stimulus, an enhanced startle response to a startle stimulus, and avoidance of open areas, all of which are typical responses to an aversive stimulus and are mediated in part by the extended amygdala.

The Neurochemical Mediators
===========================

Why then do individual responses to stress differ? Two important neurochemical systems are involved and help answer this question. The first one is CRF, the neurochemical system mentioned above. It turned out CRF is also a major component of the extended amygdala and works to effect behavioral changes.

While the glucocorticoid response mobilizes the body for physiological responses to stressors, CRF mobilizes the body's behavioral response to stressors via brain circuits outside the hypothalamus. One of my first eureka moments was when my laboratory helped demonstrate initially that CRF mediates not only physiological and hormonal responses to stressors but also behavioral responses.

In our first study, I injected the newly discovered CRF peptide into the brain in rats and observed very peculiar behavioral hyperactivity. The rats climbed all over the wire-mesh testing cages, including the walls. I called Wylie Vale over to observe the animals because they seemed to be levitating. We subsequently showed that injecting CRF into the rats' brains produced a pronounced hyperarousal in a familiar environment but a pronounced freezing-like response in a novel stressful environment.[@b11-cer-04-15] Subsequent work showed that the extended amygdala mediates such responses to CRF and fear and anxiety in general. When agents were used to block CRF receptors from binding CRF, anti-stress effects occurred, confirming that the release of naturally produced CRF is central in behavioral responses to stressors.[@b12-cer-04-15] Equally intriguing, in chronic prolonged stress, glucocorticoids stimulate CRF production in the amygdala while inhibiting it in the hypothalamus, suggesting a means of protecting the body from high chronic exposure to glucocorticoids by shutting off the HPA axis but driving the extrahypothalamic CRF stress system.

The other key neurotransmitter system involved in individual differences in stress responsiveness is called the dynorphin-kappa opioid system (also located in the extended amygdala). This system is implicated in effecting negative emotional states by producing aversive dysphoric-like effects in animals and humans.[@b13-cer-04-15] Dysphoria is a negative mood state, the opposite of euphoria. Dynorphins are widely distributed in the central nervous system.[@b14-cer-04-15] They have a role in regulating a host of functions, including neuroendocrine and motor activity, pain, temperature, cardiovascular function, respiration, feeding behavior, and stress responsivity.[@b15-cer-04-15]

In addition to these two neurochemical systems, we now know that other neurochemical systems interact with the extended amygdala to mediate behavioral responses to stressors. They include norepinephrine, vasopressin, hypocretin (orexin), substance P, and proinflammatory cytokines. Conversely, some neurochemical systems act in opposition to the brain stress systems. Among these are neuropeptide Y, nociceptin, and endocannabinoids. A combination of these chemical systems sets the tone for the modulation of emotional expression, particularly negative emotional states, via the extended amygdala.[@b16-cer-04-15]

Psychopathology and Stress Systems
==================================

How are stress systems involved in PTSD? PTSD is characterized by extreme hyperarousal and hyperstress responsiveness. These states contribute greatly to the classic PTSD symptom clusters of re-experiencing, avoidance, and arousal. Perhaps more insidious, about 40 percent of people who experience PTSD ultimately develop drug and alcohol use disorders. Data suggest that the prevalence of an alcohol use disorder in people with PTSD may be as high as 30 percent.[@b17-cer-04-15] The major model of PTSD neurocircuitry evolved from early animal work on fear circuits,[@b18-cer-04-15] which suggested that brain stress systems are profoundly activated in the extended amygdala.

PTSD patients exhibit abnormally high glucocorticoid receptor sensitivity. This hypersensitivity results in excessive suppression of the HPA axis through corticosteroid negative feedback.[@b19-cer-04-15] Research has found that military participants who developed high levels of PTSD symptoms after deployment tended to be those who had significantly higher glucocorticoid receptor expression levels before deployment.[@b20-cer-04-15] Another key preclinical study showed that strong activation of CRF receptor signaling in animal models can induce severe anxiety-like and startle hyperreactivity that corresponds to the severe anxiety and startle reactivity seen in patients with PTSD.[@b21-cer-04-15] Research also has demonstrated that patients with severe PTSD exhibit overly active brain CRF neurotransmission, measured by increases in CRF in their cerebrospinal fluid.[@b22-cer-04-15]

While data on PTSD and the dynorphin-kappa system are limited, significant data suggest that brain kappa-opioid receptors play an important role in mediating stress-like responses and encoding the aversive effects of stress.[@b13-cer-04-15] An exciting recent imaging study with a kappa-opioid tracer showed decreased kappa-opioid binding in the brain in PTSD patients. This finding suggests increased dynorphin release in patients who are clinically diagnosed with PTSD.[@b23-cer-04-15]

From a neurocircuitry perspective, functional imaging studies of patients with PTSD show that the amygdala is hyperactive while the ventromedial prefrontal cortex (PFC) and inferior frontal gyrus area show reduced activity.[@b24-cer-04-15] These findings suggest that the ventromedial PFC no longer inhibits the amygdala. This loss of inhibition in turn drives increased responses to fear, greater attention to threatening stimuli, delayed or decreased extinction of traumatic memories, and emotional dysregulation.[@b25-cer-04-15]

One attractive hypothesis for the functional neurocircuitry changes that occur in PTSD suggests a brain-state shift from mild stress (in which the PFC inhibits the amygdala) to extreme stress (in which the PFC goes offline and the amygdala dominates; see [figure 1](#f1-cer-04-15){ref-type="fig"}).[@b26-cer-04-15] Under this paradigm (rubric means "a standard of performance for a defined population"), relative dominance by the cerebral cortex conveys resilience, and relative dominance by the amygdala conveys vulnerability.[@b26-cer-04-15] Delving further into the effects of prefrontal control, two related studies showed that ventromedial PFC activation correlates with the extinction of fear, whereas amygdala activation by the dorsal anterior cingulate cortex (ACC) correlates with a failure to eliminate fear.[@b27-cer-04-15],[@b28-cer-04-15]

The Paradoxical 'Darkness Within'
=================================

I often tell people that I spent the first fifteen years of my career studying why we feel good and the most recent fifteen years studying why we feel bad. However, these two emotional states are intimately linked, which raises the seemingly contradictory possibility that excessive activation of the reward system can lead to stress-like states that, in their severest form, resemble PTSD. So how did I get to the "dark side"? Well, by first studying the "light side," or how drugs produce their rewarding effects.

My research team and others hypothesized that addiction involves three stages that incorporate separate but overlapping neurocircuits and relevant neurotransmitter systems: binge/intoxication, withdrawal/negative affect, and preoccupation/anticipation or "craving."[@b29-cer-04-15],[@b30-cer-04-15] The binge/intoxication stage involves the facilitation of incentive salience (the linking of previously neutral stimuli in the environment to rewards to give those stimuli incentive properties), mediated largely by neurocircuitry in the basal ganglia. The focus is on activation of the "reward" neurotransmitters dopamine and opioid peptides that bind to mu-opioid receptors in the brain. Early work in the addiction field showed that the nucleus accumbens was a key part of this neurocircuitry that mediates the rewarding properties of abused drugs.

Franco Vaccarino and I showed that we could block heroin self-administration when we injected minute amounts of methylnaloxonium, which blocks opioid receptors, into animals' nucleus accumbens.[@b31-cer-04-15] Subsequently, several classic human imaging studies showed that intoxicating doses of alcohol result in the release of dopamine and opioid peptides in the nucleus accumbens.[@b32-cer-04-15],[@b33-cer-04-15] We now know that activation of the nucleus accumbens leads to the recruitment of basal ganglia circuits that engage the formation and strengthening of habits. This process is hypothesized to reflect the beginning of compulsive-like responding for drugs---in other words, addiction.

An experiment that turned out exactly the opposite of what I had predicted is the second reason I landed on addiction's dark side. Tamara Wall, Floyd Bloom, and I set out to identify which regions of the brain mediate physical withdrawal from opiates. We began by training opiate-dependent rats to work for food. Then we disrupted their food-seeking behavior by injecting them with naloxone. This drug precipitated withdrawal, producing a malaise- and dysphoric-like state; as a result, the rats stopped pressing the lever. Thus far, we had successfully replicated original findings.[@b34-cer-04-15] We then set out to inject methylnaloxonium, a drug that blocks opioid receptors in brain areas previously implicated in physical withdrawal from opiates. We injected this drug because it was a naloxone analog that would spread less in the brain and precipitate "local" withdrawal as measured by a decrease in lever pressing for food.

We speculated that the most sensitive brain areas to produce a decrease in lever pressing would be the periaqueductal gray and medial thalamus because they had been shown to mediate physical withdrawal from opiates. However, injections into the periaqueductal gray and medial thalamus were ineffective in decreasing lever pressing for food. Instead, injections into the nucleus accumbens proved effective---so effective that we had to drop the dose. Even at a very low dose, we saw some modest effect in decreasing lever pressing for food.[@b35-cer-04-15] It then dawned on me that the same brain region responsible for making you feel good also made you feel bad when you became dependent (addicted). This epiphany led me to devote the rest of my career to trying to understand exactly how such opposite reactions that occur during withdrawal, termed opponent processes, are mediated.

This observation led me to a completely new conceptualization of the withdrawal/negative affect stage of addiction. I concluded that this stage is characterized not only by drug-induced specific "physical withdrawal" but also common drug-induced "motivational" withdrawal, characterized by dysphoria, malaise, irritability, sleep disturbances, and hypersensitivity to pain. (These symptoms are virtually identical to the hyperarousal/stress symptoms seen in PTSD; see [figure 1](#f1-cer-04-15){ref-type="fig"}).

Two processes were subsequently hypothesized to form the neurobiological basis for the withdrawal/negative affect stage. One is the loss of function in the reward systems in the medial part of the nucleus accumbens of the extended amygdala. This reward system loss is mediated by a loss of function in dopamine systems. The other process is the recruitment of brain stress systems in other parts of the extended amygdala (notably, the central nucleus of the amygdala), including recruitment of the neurochemical systems CRF and dynorphin.[@b36-cer-04-15],[@b37-cer-04-15] The combination of decreases in reward neurotransmitter function and recruitment of brain stress systems provides a powerful motivation for reengaging in drug taking and drug seeking.

Yet another breakthrough came when my laboratory first realized the dramatic role of CRF in compulsive alcohol seeking, via the amelioration of anxiety-like responses when a CRF receptor antagonist or receptor blocker was used to block the anxiety-like responses of alcohol withdrawal.[@b38-cer-04-15] Subsequently, we showed that acute alcohol withdrawal activates CRF systems in the central nucleus of the amygdala.[@b39-cer-04-15] Moreover, in animals we found that site-specific injections of CRF receptor antagonists into the central nucleus of the amygdala or systemic injections of small-molecule CRF antagonists reduced the animals' anxiety-like behavior and excessive self-administration of addictive substances during acute withdrawal.[@b12-cer-04-15],[@b40-cer-04-15] Perhaps equally compelling, Leandro Vendruscolo and I recently showed that a glucocortoid receptor antagonist could also block the excessive drinking during acute alcohol withdrawal, linking sensitization of the CRF system in the amygdala to chronic activation of the HPA glucocorticoid response.[@b41-cer-04-15]

But how is excessive activation of the reward system linked to activation of the brain stress systems? Seminal work by Bill Carlezon and Eric Nestler showed that the activation of dopamine receptors that are plentiful in the shell of the nucleus accumbens stimulates a cascade of events that ultimately lead to changes in the rate of DNA transcription initiation and alterations in gene expression. Ultimately, the most notable alteration is activation of dynorphin systems. This dynorphin system activation then feeds back to decrease dopamine release.[@b37-cer-04-15] Recent evidence from my laboratory and that of Brendan Walker suggests that the dynorphin-kappa opioid system also mediates compulsive-like drug responses (to methamphetamine, heroin, nicotine, and alcohol); this response is observed in rat models during the transition to addiction. Here, a small-molecule kappa-opioid receptor antagonist selectively blocked the animals' development of compulsive drug self-administration.[@b42-cer-04-15]--[@b45-cer-04-15] Given that the activation of kappa receptors produces profound dysphoric effects, this plasticity within the extended amygdala may also contribute to the dysphoric syndrome associated with drug withdrawal that is thought to drive the compulsive responses mediated by negative reinforcement.[@b46-cer-04-15]

Yet another pleasant surprise was the realization that the preoccupation/anticipation, or "craving," stage in alcoholism mediates the dysregulation of executive control via prefrontal cortex circuits. Importantly, these circuits can become a focal point for individual differences in vulnerability and resilience. Many researchers have conceptualized two generally opposing systems, a "Go" system and a "Stop" system, where the Go system engages habitual and emotional responses and the Stop system brakes habitual and emotional responses. The Go system circuit consists of the anterior cingulate cortex and dorsolateral PFC, and it engages habit formation via the basal ganglia. The Stop system circuit consists of the ventromedial PFC and ventral anterior cingulate cortex and inhibits basal ganglia habit formation, as well as the extended amygdala stress system. People with drug or alcohol addiction experience disruptions of decision making, impairments in the maintenance of spatial information, impairments in behavioral inhibition, and enhanced stress responsivity, all of which can drive craving. More important, this Stop system controls the "dark side" of addiction and the stress reactivity observed in PTSD.

This realization was brought home to me when my colleague Olivier George and I showed that, even in rats that simply engaged in the equivalent of binge drinking, there was a disconnection of the frontal cortex's control over the amygdala but not nucleus accumbens.[@b47-cer-04-15] These results suggest that early in excessive alcohol consumption, a disconnect occurs in the pathway between the PFC and the central nucleus of the amygdala, and this disconnect may be key to impaired executive control over emotional behavior.

Evidence for a Genetic/Epigenetic Mechanism
===========================================

I suspect that the neurocircuitry focus on the frontal cortex and amygdala in the development of PTSD and addiction will reveal targets for individual differences in vulnerability and resilience. Human imaging studies have established that reduced functioning of the ventromedial PFC and anterior cingulate cortex and increased functioning of the amygdala are reliable findings in PTSD.[@b26-cer-04-15]. Similarly, drug addiction also has been associated with general reduced function of the ventromedial PFC.[@b48-cer-04-15] So what is the contribution of the ventralmedial PFC and anterior cingulate cortex in stress and negative emotional states associated with craving, particularly given what we already know in PTSD? Considering the high co-occurrence of substance abuse and PTSD and the key role of the PFC in controlling the stress systems, the dysregulation of specific subregions of the PFC may be involved in both disorders.

Converging evidence in humans suggests major individual differences in the response of the extended amygdala to emotional stimuli, particularly those considered stressful, and in vulnerability to PTSD and addiction. Research has demonstrated that the central nucleus of the amygdala (the dorsal amygdala in humans) is involved in the conscious processing of fearful faces in healthy volunteers and, more important, that individual differences in trait anxiety predicted the response of a key input to the central nucleus of the amygdala, the basolateral amygdala, to unconsciously processed fearful faces.[@b49-cer-04-15] Moreover, a landmark study that used positron emission tomography showed that the amygdala is activated in cocaine-addicted individuals during drug craving but not during exposure to non-drug-related cues.[@b50-cer-04-15]

Similarly, changes in frontal cortex function can convey individual differences in vulnerability and resilience. In one prospective study that was conducted following the 9.0 Tohoku earthquake in Japan in 2011, participants who had higher gray matter volume in the right ventral anterior cingulate cortex were less likely to have developed PTSD-like symptoms.[@b51-cer-04-15] The degree of improvement in symptoms after cognitive behavior therapy was positively correlated with increases in anterior cingulate cortex activation.[@b52-cer-04-15] In contrast, other studies have shown that people with PTSD and their high-risk twins show greater resting brain metabolic activity in the dorsal anterior cingulate cortex compared with trauma-exposed individuals without PTSD, suggesting that increased dorsal anterior cingulate cortex activity may be a risk factor for developing PTSD.[@b53-cer-04-15]

But what molecular neurobiological changes drive these circuit changes? Genetic studies have shown that 30 to 72 percent of the vulnerability to PTSD and 55 percent of the vulnerability to alcoholism can be attributed to heritability. Most would argue that the genetic influences of both disorders stem from multiple genes, and the candidate-gene approach has not yet identified major genetic variants that convey vulnerability to PTSD. However, in two scholarly reviews, at least seventeen gene variants were associated with PTSD and many others with alcoholism.[@b26-cer-04-15] Overlapping genes that have been identified in both disorders include gamma-aminobutyric acid, dopamine, norepinephrine, serotonin, CRF, neuropeptide Y, and neurotrophic factors, all of which are relevant to the present hypothesis.

From an epigenetic perspective, some genes may be expressed only under conditions of trauma or stress, and these environmental challenges can modify genetic expression via DNA methylation or acetylation. Both PTSD and alcoholism show epigenetic changes that suggest an increased regulation in genes related to the stress system.[@b54-cer-04-15],[@b55-cer-04-15] For PTSD, one gene that has been implicated in epigenetic modulation is *SLC6A4*, which regulates synaptic serotonin reuptake and appears to have a central role in protecting individuals who experience traumatic events from developing PTSD via high methylation activity.[@b56-cer-04-15] For alcoholism, *histone deacetylase (HDAC)* has been implicated in an epigenetic modulation. This gene is involved in the activity-dependent regulation of brain-derived neurotrophic factor (BDNF) expression in neurons. Alcohol-preferring rats with innate higher anxiety-like responses showed higher *HDAC* activity in the central nucleus of the amygdala. Knockdown of a specific HDAC called HDAC2 in the central nucleus of the amygdala increased BDNF activity and reduced anxiety-like behavior and voluntary alcohol consumption in a selected line of rats that were bred for high alcohol preference.[@b57-cer-04-15]

Thus, altogether, my hypothesis is that individual differences in stress vulnerability and resilience, which are key determinants of the development of PTSD and addiction, derive from the neurocircuitry of our emotional "dark side." The origins of activation of the dark side involve both hyperactivity of the extended amygdala (dynorphin and CRF driven by excessive drug use) and reduced activity of the medial PFC (driven by excessive drug use and brain trauma). New advances in our understanding of the neurocircuitry of the dark side and identification of epigenetic factors that weight the function of these circuits will be the key to precision medicine for the diagnosis and treatment of these disorders.
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